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Abstract 

Dopamine (DA) neurons have been recorded in vivo in four states of activity: (I ) hyperpolarized, nonfiring; 
(2) single spike firing; (3) burst firing; and (4) depolarization inactivation. Nonfiring DA neurons can be made 
to fire by iontophoretic application of the excitatory substances glutamate and cholecystokinin, or by depolar- 
izing current injection. Spontaneously active DA cells typically fire in a slow (3 to 8 Hz) irregular pattern. In 
vivo intracellular recordings revealed that this pattern is sustained by the alternation of two currents: a 
spontaneously occurring slow depolarization (13 f  3 mV amplitude, 78 +_ 40 msec duration) which brings the 
membrane potential of the DA cell to spike threshold (-42 mV), and an afterhyperpolarization mediated by a 
calcium-activated potassium conductance (I kc&. The slow depolarization is a pacemaker-like conductance, 
with a rate of rise proportional to the membrane potential. The regular pacemaker pattern of the spontaneously 
occurring slow depolarization is interrupted by the I k(ca) which appears to be triggered by calcium entry during 
the action potential. Thus, intracellular injection of the calcium chelator EGTA will cause DA cells to fire in a 
regular, pacemaker pattern. The I k(ca) is observed after single spikes and trains of spikes with the amplitude 
of the afterhyperpolarization being proportional to the number of spikes in a train. Both the afterhyperpolar- 
ization and the firing accommodation observed during depolarizing current injection can be blocked by 
intracellular injection of the calcium chelator EGTA. 

Dopamine (DA) cells have been observed in four states of 
activity when recorded extracellularly in chloral hydrate-anes- 
thetized or gallamine-paralyzed rats. Two inactive states have 
been observed and have been hypothesized to be due to either 
inhibition resulting in a hyperpolarized, inactive cell (Bunney 
and Grace, 1978) or, following specific manipulations, hyper- 
excitation resulting in a depolarization blocked state (Bunney 
and Grace, 1978; Braszko et al., 1981; Skirboll et al., 1981). 
Spontaneously discharging DA cells can also exist in different 
states of activity. Two firing patterns have been observed: (I) 
a slow, single spiking pattern, and (2) burst firing (Bunney et 
al., 1973; Grace and Bunney, 1983a, c, 1984a, b). The single 
spiking pattern is characterized by trains of spikes which dis- 
charge at steady but irregular intervals, and it is the typical 
firing pattern of the majority of DA cells encountered in un- 
treated, anesthetized rats. In this paper, we explored the factors 
involved in mediating this firing pattern using intracellular and 
extracellular recording techniques. In the companion paper 
(Grace and Bunney, 1984b) we describe factors modulating the 
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transition from this single spike pattern to a burst firing 
pattern. An abstract of these data has been presented previously 
(Grace and Bunney, 1983c). 

Materials and Methods 

Animals and surgical procedure. All experiments were performed in 
uiuo on Sprague-Dawley albino male rats (200 to 300 gm) obtained 
from Charles River Breeding Laboratory. Intracellular and extracellu- 
lar recordings were obtained from identified substantia nigra DA cells, 
as previously described (Grace and Bunney, 1983a). Briefly, rats were 
anesthetized with chloral hydrate (400 mg/kg, i.p.), with supplemental 
anesthetic administered via a lateral tail vein. In one set of experiments, 
unanesthetized, gallamine-paralyzed rats were used to control for an- 
esthetic effects. This was done by initially anesthetizing the rats with 
a short-acting inhalation anesthetic (halothane) and infiltrating pres- 
sure points and incision sites with a long-acting local anesthetic, 
mepivocaine hydrochloride. A tracheotomy was then performed, and a 
breathing cannula was implanted prior to gallamine administration, as 
previously described (Bunney and Grace, 1978). Rats were mounted in 
a stereotaxic apparatus, and body temperature was monitored and 
maintained by a thermostatically controlled electric heating pad. A 
hole was drilled overlying the substantia nigra (1900 pm anterior; 2200 
pm lateral, according to the atlas of Konig and Klippel, 1970), and 
units were recorded in the zona compacta region (6500 to 7500 pm 
ventral to the brain surface). All surgical procedures were carried out 
in strict accordance with Guiding Principles in the Cure and Use of 
Animals approved by the Council of the American Physiological Soci- 
ety. 

Extracellular recording. Extracellular recording electrodes were 
pulled from glass tubing (2 mm outside diameter) containing a few 
strands of fiberglass to aid in filling (Tasaki et al., 1968). The electrodes 
were filled with 2 M NaCl containing 2% pontamine sky blue, and they 
had an impedance of 6 to 12 megohms measured at, 1000 Hz. DA cells 
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were identified according to previously established criteria of waveform, 
firing rate, firing pattern, and location (Bunney et al., 1973; Guyenet 
and Azhaianian. 1978: Grace and Bunnev. 1980. 1983a). At the end of 
each experiment, a 3b-PA negative current was passed through the 
electrode for 10 min in order to eject a small quantity of dye from the 
pipette tip. By this marking procedure, the recording site could later 
be verified histologically (Thomas and Wilson, 1965). 

Spikes were counted by means of a time and amplitude window 
discriminator and were analyzed in three ways: (I) lo-set spike rate 
histograms were generated on a chart recorder, (2) spikes were digitized 
and stored on a Nicolet digital oscilloscope, and (3) on-line and off- 
line analyses of spike patterns were performed using a PDP-11/34 
minicomputer. 

Microiontophoresis. Drugs were applied by direct microiontophoresis 
to activate silent cells and test their drug sensitivity. Microiontopho- 
resis was done as previously described (Grace and Bunney, 1979). 
Briefly, microiontophoretic pipettes were pulled from five-barrel mi- 
croninettes. The center barrel was filled with 2 M NaCl with 2% 
pontamine sky blue for extracellular recording and marking of the 
recording site..Three of the outer barrels were filled with either sodium 
glutamate (0.2 M. DH 8) or donamine hvdrochloride (0.1 M, PH 4). The 
Fourth outer barrel was filled with 4 M NaCl for automatic current 
balancing, and drugs were retained with appropriate backing currents. 
Drugs were applied for 1 min before testing to allow for “warmup” 
effects (Bloom, 1974). 

Intracellular recording. Intracellular recording electrodes were pulled 
from Omegadot tubing (1.5 or 2.0 mm outside diameter) on a modified 
Narishige vertical electrode puller. The electrodes were filled with 
either potassium acetate (3 M, pH 7.0) or ethylene glycol bis(P-ami- 
noethylether)-NJ-tetraacetic acid (EGTA, 0.1 M in 3 M potassium 
acetate). The EGTA solution was allowed to diffuse into the impaled 
cells for periods of 20 min to 1.5 hr. Intracellular current injection was 
done across the bridge circuit of a W-P Instruments model 707 intra- 
cellular preamplifier. Animals were prepared as described above, and 
all recordings were obtained from identified DA neurons. Only stable 
DA cells were recorded, with stable penetration defined as: (I) action 
potentials of at least 55 mV when they occur singly, (2) resting 
potentials of at least 55 mV, (3) the ability to fire multiple spikes with 
depolarizing current injection, and (4) demonstration of a stable input 
resistance. Intracellular waveforms were collected using: (1) a Grass 
Kymograph camera combined with a Tektronix oscilloscope, (2) a 
Nicolet digital oscilloscope with floppy disk storage for off-line com- 
puter analysis, and (3) an eight-channel Hewlett-Packard FM tape 
recorder for off-line analysis of firing patterns. 

Results 

In both chloral hydrate-anesthetized and gallamine-para- 
lyzed rats, DA cells were found to be either firing spontaneously 
or nonfiring. The nonfiring DA cells could be activated during 
extracellular recording by intravenous haloperidol administra- 
tion (Bunney and Grace, 1978) or by iontophoresis of the 
excitatory neurohumor glutamate (N = 10; Fig. 1). DA cells 
made to fire in this manner would cease activity when gluta- 
mate ejection was terminated and could be inhibited by co- 
iontophoresis of DA (Fig. 1B). Observed intracellularly, these 
spontaneously inactive DA cells typically had a higher resting 
potential (- -65 to -75 mV) compared to those firing sponta- 
neously. 

Spontaneously discharging nonburst- and burst-firing DA 
cells recorded extracellularly typically fired in a slow, irregular 
pattern at an average rate of 4.5 & 1.7 Hz (mean + SD, range 
0.2 to 10.8 Hz, N = 597; Fig. 2). DA cells firing below 1 Hz or 
above 9 Hz were rarely encountered. Nonbursting DA cells were 
found to have interspike intervals with a near normal distri- 
bution around 200 to 250 msec (Fig. 3A), whereas burst-firing 
DA cells typically showed a bimodal distribution (Fig. 3B). 

As previously reported, intracellular recordings revealed that 
DA neuron spikes are triggered by a slow depolarization pre- 
ceding the action potential and are followed by an afterhyper- 
polarization (AHP) delaying the onset of the next slow depo- 
larization (Grace and Bunney, 1983b). The alternation of these 
two components appears to underly the single spiking pattern 
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Figure 1. A, Oscilloscope tracing showing activation of a silent DA 
neuron by iontophoretic application of the excitatory amino acid glu- 
tamate (GLU) during extracellular recording. This neuron can- be 
inhibited bv co-iontonhoresis of donamine (DA). B. Rate histogram 
depicting the activation of a nonfiring DA ‘neuron ‘by iontophoietic 
glutamate. Silent DA neurons can be made to fire action potentials by 
iontophoretic application of the excitatory amino acid glutamate. Co- 
iontophoresis of DA will still inhibit DA cells activated by glutamate. 
Furthermore, cessation of glutamate iontophoresis will cause the DA 
cell to revert to a silent state, although on occasion the DA cell will 
remain active following termination of the iontophoresis (not shown). 
Drugs ejected at bars. The numbers above the bars represent ejection 
current in nanoamperes. 

of DA cell firing and, therefore, each of these components was 
studied in detail. 

Slow depolarization. The slow depolarization preceding spike 
discharge occurs in all spontaneously firing DA cells observed 
intracellularly. This slow, pacemaker-like depolarization begins 
an average of 78 f  40 msec before the spike and attains an 
average amplitude of 13.8 + 3.2 mV (mean + SD, N = 70). 
Thus, the slow depolarization bridges the voltage difference 
between the resting membrane potential (average = 55 f  2.9 
mV, N = 30) and the comparatively high spike threshold 
(average = 41 + 4.2 mV, N = 30; Fig. 4). 

The slow depolarization appears to be responsible for the 
relatively long interspike intervals observed for spontaneously 
discharging DA cells. Furthermore, evidence indicates that this 
slow depolarization may be voltage dependent, as it can be 
triggered in a nonfiring or slowly firing DA cell by a depolari- 
zation subthreshold to spike generation (N = 20; Fig. 5A). In 
addition, a short depolarizing pulse will initiate the slow depo- 
larization, and a short hyperpolarizing pulse will reset the slow 
depolarization back to resting membrane potential and thus 
delay firing of the spike (N = 15; Fig. 5, B and C). Intracellular 
injection of depolarizing current increases the firing rate of 
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Figure 3. Interspike interval histograms of single spiking and burst-firing DA cells. A, When DA cells fire in a single spiking, nonbursting 
mode, the interspike intervals of the spike trains are typically distributed unimodally around an interval of 200 to 250 msec. B, Burst-firing DA 
neurons, on the other hand, typically show bimodal distributions of interspike intervals. The early peak (below 100 msec) represents the 
interspike intervals of the spikes contained within bursts, whereas the later peak (above 100 msec) corresponds to the longer intervals occurring 
between bursts or non-burst-related spikes. 

Figure 4. DA cell action potentials 
arise from slow depolarizations. The 
slow depolarization bridges the volt- 
age difference between the resting 
membrane potential (-58 mV) and 
the atypically high initial segment 
spike threshold (-42 mV) character- 
istic of DA neurons. The action po- 
tential triggered by the slow depolar- 
ization is followed by an AHP which 
brings the membrane potential back 
to base line levels prior to the onset 
of the next slow depolarization. 
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Figure 5. Dependence of the slow depolarization on membrane potential. A, Slow depolarizations, 

besides occurring spontaneously, can be triggered in nonfiring DA cells by intracellular injection of 
low levels of depolarizing current. A,, Intracellular injection of depolarizing current (0.4 nA) elicits a 
slow depolarization leading to an action potential in a DA cell exhibiting no spontaneous activity. A,, 
Repetition of this threshold depolarizing pulse triggers a slow depolarization, which in this case does 
not reach spike threshold. The slow depolarization in the absence of an action potential decays 
passively to base line membrane potential at the termination of the depolarizing pulse. B, Initiation 
of a slow depolarization in a nonfiring neuron by a short pulse of depolarizing current (0.6 nA). C, 
The slow depolarization is also reset by injection of short pulses of hyperpolarizing current (1.0 nA, 
injected just prior to the point where the membrane potential reaches spike threshold in the figure), 
demonstrating their voltage-dependent activation and deactivation. 
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Figure 6. The effects of altering the membrane potential on the rate 
of rise of the slow depolarization preceding spontaneous spike genera- 
tion. As the spontaneously firing DA cell was depolarized from rest, 
the rate of rise of the slow depolarization was observed to increase. 
This was accompanied by a decreased interspike interval and hence a 
greater rate of spike discharge. 

spontaneously discharging DA cells. This increased rate is 
reflected by a proportional increase in the average rate of rise 
of the slow depolarization at the more depolarized levels (N = 
6; Fig. 6). However, the increased rate of rise of the slow 
depolarization is partially counterbalanced by an increase in 
the spike threshold (N = 8; Fig. 7). Measurement of the input 
resistance taken during the slow depolarization and immedi- 
ately following the spike are difficult to perform accurately, 
due to the long membrane time constant and the inactivation 

of the slow depolarization by hyperpolarizing current pulses. 
However, in light of the importance of this determination in 
evaluating the nature of the slow depolarization as well as the 
AHP which occurs during DA cell action potential generation, 
an attempt was made to estimate the input resistance changes 
accompanying these phenomena. Thus, in order to obtain a 
rough estimate of the relative input resistance changes occur- 
ring before and after a spike, a series of brief (5 to 10 msec) 
low amplitude (0.1 to 0.3 nA) constant current hyperpolarizing 
pulses were injected intracellularly into DA neurons, and input 
resistance measurements were calculated, to obtain some infor- 
mation concerning the conductance changes occurring during 
spiking. Although this methodology is insufficient for a careful, 
well controlled investigation of the input resistance changes 
occurring during these processes, this technique is of sufficient 
accuracy to illustrate the relative direction and magnitude of 
the impedance changes accompanying spiking. In all, 274 re- 
sistance measurements on 42 spikes were correlated with their 
pre- and postspike time of occurrence (10 different DA cells in 
10 rats were used). The relative resistance changes observed 
suggest that little input resistance change occurs during the 
slow depolarization; however, a significantly large input resist- 
ance decrease is observed during the AHP which follows the 
spike (Fig. 8). This AHP is described in more detail below. 

Afterhyperpolarization. The AHP is a negative shift in the 
membrane potential accompanied by spike inhibition, and it 
occurs following single or multiple spikes. Furthermore, if a 
lOO- to 200-msec depolarizing current pulse of sufficient am- 
plitude to trigger action potentials is injected intracellularly 
into DA neurons, a rebound hyperpolarization is observed at 

the termination of the pulse. This spike-dependent hyperpolar- 
ization is proportional to the number of spikes elicited, with a 
peak amplitude reached at about five spikes (Fig. 9). This AHP 
is of comparatively long duration, which can be estimated (from 
the average time required to return to prespike levels of input 
resistance) to be about 20 msec following single spikes (from 
Fig. 8) and about 50 msec following a train of spikes (Fig. 10). 

In many respects, this spike-dependent AHP observed in DA 
neurons resembles the calcium-activated potassium conduct- 
ance (ZK,caJ observed in other preparations (Meech, 1978). The 
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Figure 7. Effect of altering the membrane potential on the threshold of spontaneously occurring DA neuron spikes. A, As the DA neuron is 
depolarized, the increased rate of rise of the slow depolarization is partially offset by the increase in the threshold for spontaneous spike 
generation. Likewise, the injection of hyperpolarizing current caused the spike threshold to decrease. Resting membrane potential is indicated 
by an arrow. B, Oscilloscope tracing of superimposed action potentials recorded intracellularly at different membrane potentials. The membrane 
potential was altered by injecting hyperpolarizing or depolarizing current; bridge balance was confirmed throughout by injecting brief 
hyperpolarizing pulses (not shown). As the DA cell is depolarized, the DA cell slow depolarization increases its rate of rise. The threshold of the 
DA cell action potential also increases with depolarization. Action potentials at all membrane potentials reached the same peak amplitude 
(within 5 to 10 mV). 
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Figure 8. Estimate of the average relative input resistance changes 
occurring before and after a DA cell action potential. Short duration, 
low amplitude hyperpolarizing pulses were injected into DA cells and 
the membrane voltage deflections were recorded (as shown in the spike 
record). The relative input resistance (expressed as percentage of 
maximal input resistance change) is plotted against the time of meas- 
urement relative to the spike (spike occurs at 0 msec). Although little 
change in input resistance occurs during the slow depolarization prior 
to the action potential, there is a significant decrease in input resistance 
during the AHP relative to the prespike values. Time course of inset = 
350 msec. *, p < 0.05; **, p < 0.01. 

AHP following a spike train can be attenuated by intracellular 
injection of the calcium chelator EGTA (N = 6; Fig. 11, A and 
B), suggesting the involvement of calcium in its initiation. 
EGTA injection will also increase the amplitude of the DA cell 
action potential from its 65- to 75-mV amplitude in sponta- 
neously discharging cells to up to 90 mV in amplitude (Fig. 
1lD). The ability of the potassium channel blocker tetraeth- 
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Figure 9. Dependence of spike train AHP amplitude on the number 
of spikes elicited. Intracellular injection of 150-msec depolarizing cur- 
rent pulses of different amplitudes resulted in a series of one to eight 
spikes in DA neurons. At the termination of the pulse, an AHP was 
observed (a typical response is illustrated). The amplitude of the AHP 
was found to be proportional to the number of spikes evoked during 
the current pulse. A plateau amplitude of about 8 mV was reached with 
trains of five to six spikes. Numbers in parentheses represent the 
number of spike trains of the specified length which were used to obtain 
the value specified. Values are expressed as mean + SEM. 

ylammonium (TEA) to block this current (see Fig. 14 in Grace 
and Bunney, 1984b) lends further support to this origin of the 
AHP. 

The involvement of this AHP in the modulation of DA cell- 
firing pattern was further explored by studying depolarization- 
elicited repetitive firing. DA cells have a linear relationship 
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Figure IO. Duration of AHP following a train of spikes. The input 
resistance of DA cells was observed to decrease for the first 50 msec 
following a train of spikes elicited by depolarizing current injection (a 
typical response is illustrated). 

between the amplitude of the depolarizing current pulses in- 
jected and the number of spikes elicited (N = 6; Fig. 12). Closer 
examination of the multiple elicited spikes reveals that each 
successive spike occurs with an increased interspike interval, 
associated with a slower-rising slow depolarization. A sequence 
of depolarization-elicited spikes obtained during EGTA injec- 
tion reveals quite a different picture. The number of spikes 
elicited by constant amplitude depolarizing pulses increases 
with time as EGTA leaks from the recording electrode into the 
impaled cell (N = 6; Fig. 13). Perhaps more importantly, the 
interspike interval between the spikes remains constant, with 
the slow depolarization rising at nearly equal rates for all spikes. 
Furthermore, the spontaneous firing pattern gradually changes 
during EGTA injection to resemble a characteristic even-firing 
pacemaker pattern (Fig. 14). Thus, the Ik(c,,-mediated AHP 
appears to regulate DA neuron single spike firing by producing 
rapid accommodation to short excitations, as well as modulat- 
ing the pacemaker pattern produced by the slow depolarization 
into the characteristically observed irregular firing pattern. 

Discussion 

DA neurons in the substantia nigra of anesthetized or para- 
lyzed rats can be either firing spontaneously (at rates typically 
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Figure 1 I. Effects of intracellular EGTA injection on DA neuron spike-generating properties. A, Typical response of untreated DA neuron to 
intracellular injection of 0.6 nA of depolarizing current. Only a few spikes were elicited at irregular intervals. A prominent AHP at the termination 
of the current pulse was observed. B, After intracellular injection of EGTA, a smaller amplitude (0.45 nA) depolarizing current injection pulse 
resulted in seven equally spaced, large amplitude action potentials. No AHP could be observed at the termination of the depolarizing current 
pulse. C, Large amplitude (90 mV) DA cell action potential after longer periods of EGTA injection. D, Progressive changes in DA cell action 
potential shape during intracellular EGTA injection. A progressive increase in amplitude accompanied by a longer delay in the repolarization of 
the membrane potential was observed with prolonged periods of EGTA injection (total injection time = 45 min). 
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Figure 12. Dependence of the number of spikes elicited in DA 
neurons by a 150.msec current pulse on the amplitude of the current 
injected. A linear relationship between the number of spikes elicited 
and the intensity of the depolarizing stimulus was found. Deviations 
from linearity were found primarily during lower levels of current 
injection, since the coincidence of the pulse with a spontaneously 
occurring slow depolarization was a more important factor in deter- 
mining whether spiking would occur than was the absolute level of the 
current injected at these intensities. 

above 2 Hz) or nonfiring. At least 30% of the DA cells sampled 
electrophysiologically have been found to be inactive in chloral 
hydrate-anesthetized or gallamine-paralyzed rats (Bunney and 
Grace, 1978; Chiodo and Bunney, 1983; White and Wang, 
1983). In contrast, very slow-firing DA cells (i.e., less than 1 
Hz) were rarely encountered. Although the reasons for not 
encountering DA cells firing within this frequency range are 
unclear, the finding that DA cells tend to release more den- 
dritic DA as their firing rate slows (Nieoullon et al., 1977,1978; 
Cheramy et al., 1978, 1981; Nieoullon and Dusticier, 1980) may 
be a contributing factor to this phenomenon. Thus, slowly 
firing DA cells would be expected to release more DA locally 
and, through feedback onto autoreceptors, to self-inhibit their 
own firing so as to cause complete cessation of firing. This, 
however, remains to be substantiated experimentally. Firing 
can be initiated in previously nonfiring cells through excitation 
induced by glutamate iontophoresis (Fig. l), cholecystokinin 
iontophoresis (Skirboll et al., 1981), and intravenous haloperi- 
do1 administration (Bunney and Grace, 1978). When DA cells 
are spontaneously active, they typically fire at a rather slow 
rate of about 4 to 5 spikes/set. Two firing patterns have been 
observed in these neurons: (1) a slow, irregular pattern, and 
(2) burst firing. In analyzing nonburst-firing cells, the irregular 
single spike firing pattern was found to arise from the alter- 
nation of two transmembrane currents: (1) a voltage-depend- 
ent, slow, pacemaker-like depolarization preceding the action 
potential, and (2) an AHP following the action potential, 
arising from a spike-dependent ZK(ca). 

Slow depolarization. A distinguishing characteristic of DA 
neuron spontaneous spike discharge observed during intracel- 
lular recording is the slow depolarization preceding action 
potentials (Grace and Bunney, 1983a, b). The slow depolariza- 
tion apparently drives spiking in DA cells, since EPSPs were 
never observed to occur spontaneously in DA neurons recorded 
intracellularly. These slow potentials appear to be voltage de- 
pendent, since: (1) they can be activated by subthreshold 

depolarizing pulses, (2) they can be inactivated or “reset” by 
brief hyperpolarizing pulses, and (3) their rate of rise is pro- 
portional to the membrane potential. Hyperpolarizing DA neu- 
rons, by as much as 20 mV from the resting potential, will slow 
the rate of rise of this potential but typically will not totally 
block its occurrence. Apomorphine, on the other hand, does 
completely inactivate this current (Grace and Bunney, 1982, 
1983a, 1984a). 

This slow depolarization has a number of characteristics in 
common with pacemaker potentials. Its pacemaker property is 
revealed when the ZK,ca) is blocked by EGTA, a treatment which 
causes DA cells to fire in a very regular pattern. Pacemaker 
currents have been reported in both vertebrate and invertebrate 
preparations. In the molluscs Helix and Aplysia, a slow inward 
pacemaker current has been characterized as leading to burst 
discharge (Wilson and Wachtel, 1974, 1978). This current 
consists of a voltage-dependent sodium current in Aplysia 
(Smith et al., 1975; Barker and Smith, 1978; Carnevale and 
Wachtel, 1980; Carpenter and Gunn, 1980; Colmers et al., 1982) 
and a voltage-dependent sodium and calcium current in Helix 
(Eckert and Lux, 1976; Heyer and Lux, 1976; Ehile and Gola, 
1979a, b). This current is regenerative over a narrow voltage 
range. Depolarizing pulses which bring the membrane potential 
into this range activate the slow depolarization; hence, depo- 
larizing current pulses result in voltage deflections of greater 
amplitude than those obtained with hyperpolarizing pulses due 
to activation of this current (Stafstrom et al., 1982). This region 
of membrane voltage instability can be observed in the steady- 
state current/voltage plots obtained during voltage clamping as 
a region of negative slope conductance (Gola, 1974; Wilson and 
Wachtel, 1974, 1978; Eckert and Lux, 1976; Johnston, 1976; 
Gorman et al., 1982; Stafstrom et al., 1982). 

In vertebrate nervous systems, slow depolarization arising 
from inward currents have been reported in hippocampal py- 
ramidal cells (Johnston et al., 1980; Brown and Griffith, 1983), 
neocortical pyramidal cells (Stafstrom et al., 1982), and cere- 
bellar Purkinje cells (Llinhs and Sugimori, 1980a, b). In the 
raphe nucleus, however, pacemaker currents have been pro- 
posed to arise from a decay in the ZK(ca) rather than being 
derived from an inward current source (Aghajanian and Van- 
dermaelen, 1982a). In contrast, in DA neurons the slow depo- 
larization is clearly a separate phenomenon from the AHP, 
since (1) the decrease in conductance occurring during the 
AHP does not continue during the slow depolarization, (2) the 
slow depolarization can be triggered by depolarizing current 
injection and can be inhibited by hyperpolarizing current injec- 
tion, and (3) a slow depolarization can occur hundreds of 
milliseconds after a previous spike in a slowly firing DA cell. 
In some vertebrate brain regions, the slow inward pacemaker 
current appears to be a sodium current, due to its blockade by 
tetrodotoxin in the neocortex (Stafstrom et al., 1982) and in 
the cerebellum (Llinas and Sugimori, 1980a, b), although its 
sensitivity to external calcium blockers in the hippocampus 
(Johnston et al., 1980; Brown and Griffith, 1983) indicates that 
it may be calcium mediated in this brain region. 

Since little resistance change occurs during the slow depolar- 
ization in DA cells, it is probably also derived from a slow 
inward current. Thus, the slow depolarization which triggers 
single spikes in DA neurons has many characteristics in com- 
mon with slow, inward pacemaker currents as described in 
other preparations. However, it has not yet been determined 
whether this current is sodium or calcium mediated in DA cells. 

Afterhyperpolarization. The AHP following DA neuron ac- 
tion potentials and depolarization-elicited trains of spikes is 
most likely the Zk(ca), due to its demonstrated dependence on 
somatodendritic (SD) spike activation and blockade by EGTA 
and TEA. This current was first discovered in red blood cells 
(Girdos, 1958) and has since been reported in a number of 
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Figure 13. Effects of increasing levels of intracellular EGTA on the spiking pattern produced by a low amplitude (0.42 nA) constant current 
pulse. A to F, As EGTA was leaked into the DA cell from the microelectrode, the number of spikes elicited by the depolarizing pulse increased 
from two spikes (A) to seven spikes (F). In addition, the spikes fired in a more regular, pacemaker-like manner with increasing levels of 
intracellular EGTA. The AHP demonstrated a progressive decrease in amplitude, until it completely inactivated with longer periods of EGTA 
injection (dashed line in F). 

Figure 14. Effects of EGTA injected intracellularly on the firing pattern of DA cells. Within minutes after impalement and stabilization of a 
DA neuron with an EGTA-containing electrode, the DA cell demonstrates its typical slow, irregular firing pattern (top trace). As EGTA diffuses 
into the cell, this firing pattern gradually changes into a very regular, pacemaker-like pattern (second through fourth tracings). This process 
requires approximately 15 to 20 min after initial impalement for the pacemaker pattern to arise. 
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vertebrate (Hotson and Prince, 1980; Llinas and Sugimori, 
1980a, b; Llinis and Yarom, 1981a, b; Aghajanian and Vander- 
maelen, 1982a, b; Aghajanian et al., 1983) and invertebrate 
(Meech, 1972; Meech and Standen, 1975; Heyer and Lux, 1976; 
Adams and Gage, 1979a, b, c, 1980; Aldrich et al., 1979; Gorman 
and Herman, 1979) preparations. The AHP delays the onset of 
the next action potential in a train. This delay is probably due 
to a combination of the increased membrane conductance and 
the voltage-dependent inactivation of the slow depolarization 
occurring during the AHP, thus effectively “shorting out” the 
slow depolarization. Thus, this AHP may temporarily inacti- 
vate the spontaneous slow depolarization and thereby increase 
the interspike interval in spike trains. This inhibitory period 
can be greatly attenuated by intracellular administration of the 
calcium chelator EGTA. 

Intracellular injection of EGTA also affects the amplitude of 
the DA cell action potential. Spontaneously discharging DA 
cells have an amplitude of 60 to 70 mV when recorded intra- 
cellularly. Hyperpolarizing DA cells by current injection slows 
their firing rate, causing the action potential amplitude to rise 
above 75 mV. This increase in amplitude with a decrease in 
firing rate can also be observed with intravenous apomorphine- 
(Grace and Bunney, 1983a) or iontophoretic GABA-induced 
(Aghajanian and Bunney, 1977) inhibition of DA cell firing 
rate when recording extracellularly. Intracellular injection of 
the calcium chelator EGTA increases the amplitude of DA cell 
action potentials even further, with spontaneously occurring 
action potentials occasionally overshooting 90 mV. Action po- 
tentials of this amplitude were never observed in a sponta- 
neously firing DA cell, even with penetrations stable enough to 
permit intracellular recordings of spontaneously active DA cells 
for periods of 2 hr or more. Although the mechanism by which 
EGTA will increase the amplitude of the DA cell action poten- 
tial cannot be determined conclusively using the techniques 
described here, one possibility may be that EGTA is removing 
a residual calcium-induced inactivation of the calcium current 
associated with the SD portion of the action potential. In other 
preparations EGTA has been shown to increase the peak in- 
ward calcium current during action potential generation by as 
much as 30%, due to removal of calcium current inactivation 
(Eckert and Tillotson, 1982; Plant et al., 1983). Likewise, 
intracellular injection of calcium has been found to lead to an 
inactivation of voltage-dependent calcium currents (Kostyuk 
and Krishtal, 1977; Brehm and Eckert, 1978; Tillotson, 1979; 
Brehm et al., 1980; Aschcroft and Stanfield, 1981; Brown et al., 
1981; Eckert and Tillotson, 1981; Marban and Tsien, 1981; 
Plant and Standen, 1981a, b; Plant et al., 1983). This mecha- 
nism may also be partially responsible for the increased action 
potential amplitude observed in DA neurons after intracellular 
EGTA administration. Thus, the DA neuron SD spike ampli- 
tude may decrease rapidly during increased firing rates second- 
ary to the greater calcium influx accompanying the increased 
number of spikes. The initial segment spike (which is most 
likely sodium mediated), on the other hand, maintains the same 
amplitude throughout this depolarization (Grace and Bunney, 
198313). As DA neurons are known to show wide variations in 
their action potential duration and amplitude with increases or 
decreases in firing rate, a significant amount of calcium channel 
inactivation may be present in untreated, normally firing DA 
cells. Of course, a shift in the SD spike initiation site away 
from the soma can also result in a similar phenomenon, and 
further work is required to sort out the contributions of these 
and other mechanisms to the observed changes in spike ampli- 
tude. 

The AHP in DA cells also appears to be involved in the 
modulation of DA cell-firing pattern; specifically, in the rapid 
accommodation found in response to brief periods of excitation. 
This accommodation can be attenuated by intracellular injec- 

tion of EGTA, as has also been shown in another monoamine 
cell group, the locus ceruleus (Aghajanian et al., 1983). The 
resultant firing pattern then appears to be determined only by 
the slow depolarization. Under these conditions, spikes are 
equally spaced temporally and arise from faster rising slow 
depolarizations, thus closely resembling the firing pattern of 
pacemaker cells as described in invertebrates (Gorman et al., 
1982) and in the mammalian raphe nucleus (Aghajanian and 
Vandermaelen, 1982a). Furthermore, in the in vitro nigral slice 
preparation, decreasing calcium concentrations in the bathing 
medium will also cause DA cells to fire in a pacemaker-like 
pattern (Sanghera et al., 1983). Our data suggest that an IKCcaJ 
may be involved in the rapid accommodation of firing rate in 
DA cells in response to a brief depolarizing stimulus. 

Thus, DA neuron spike generation appears to occur in a 
manner similar to that involved in the pacemaker cycle de- 
scribed in various invertebrate preparations (Gola, 1974; Gola 
et al., 1977; Gorman and Hermann, 1982; Gorman and Thomas, 
1978, 1980; Gorman et al., 1982). Of course, these basic mech- 
anisms of DA cell firing will be further modulated by the actions 
of neurotransmitters impinging on these cells. In the next paper 
(Grace and Bunney, 1984b), additional data are presented to 
explain the transition of DA neurons from the single spike 
mode into burst firing. 
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